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Abstract 

Pluripotent stem cells can be directed to differentiate into motor neurons and assessed for functionality in vitro. An 
emerging application of this technique is to model genetically inherited diseases in differentiated motor neurons and to 
screen for new therapeutic targets. The neuromuscular junction (NMJ) is essential to the functionality of motor neurons and 
its dysfunction is a primary hallmark of motor neuron disease. However, mature NMJs that possess the functional and 
morphological characteristics of those formed in vivo have so far not been obtained in vitro. Here we describe the 
generation and analysis of mature NMJs formed between embryonic stem cell-derived motor neurons (ESCMNs) and 
primary myotubes. We compared the formation and maturation of NMJs generated by wild-type {NCAM +/+ ) ESCMNs to 
those generated by neural cell adhesion molecule null (NCAM~ / ~) ESCMNs in order to definitively test the sensitivity of this 
assay to identify synaptic pathology. We find that co-cultures using NCAM V ~ ESCMNs replicate key in vivo NCAM~ y ~ 
phenotypes and reveal that NCAM influences neuromuscular synaptogenesis by controlling the mode of synaptic vesicle 
endocytosis. Further, we could improve synapse formation and function in NCAM V ~ co-cultures by chronic treatment with 
nifedipine, which blocks an immature synaptic vesicle recycling pathway. Together, our results demonstrate that this 
ESCMN/myofiber co-culture system is a highly sensitive bioassay for examining molecules postulated to regulate synaptic 
function and for screening therapeutics that will improve the function of compromised NMJs. 
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Introduction 

Several classes of motor neuron diseases (MNDs) manifest 
themselves as disorders of the neuromuscular junction (NMJ) prior 
to overt cell death [1—8]. Even when motor neurons are prevented 
from dying in a mouse model of amyotrophic lateral sclerosis 
(ALS), motor axons still degenerate from the motor endplate 
causing muscle paralysis and death [4], This degeneration is due, 
at least in part, to anatomical and/or functional deficits at the 
NMJ. Understanding these deficits could lead to the development 
of therapeutics that will improve NMJ function and thus attenuate 
the progression of the disease. 

Large scale screening of therapeutics aimed at improving the 
function of NMJs in MNDs requires the creation of an in vitro 
model system that accurately emulates normal development, 
function and long-term stability of the motor endplate in vivo. The 
model system should also exhibit the same anatomical and 
functional deficits as their endogenous counterparts when cellular 
components of the NMJ are mutated or missing. Furthermore, the 
in vitro system should be able to incorporate genetic mutations 
known to cause familial forms of MNDs. Finally, the structure and 
function of the co-cultured system should respond appropriately to 
pharmacological interventions. 



A co-culture system consisting of motor neurons derived from 
embryonic stem (ES) cells and muscle fibers may achieve many of 
the above conditions. ES cell-derived motor neurons (ESCMNs) 
exhibit functional and genetic properties consistent with their in 
vivo counterparts [9-1 1] and they form immature synaptic contacts 
when co-cultured with myofibers [10,12,13]. However, it is not 
known to what extent this co-culture system accurately reflects 
normal neuromuscular development/function or whether it 
recapitulates the same structural and functional abnormalities 
seen in vivo when proteins involved in synaptic function are absent. 

To examine these issues we co-cultured ESCMNs lacking 
neural cell adhesion molecule (NCAM) with primary muscle fibers. 
We focused on NCAM because mice lacking NCAM have well 
described structural and functional deficits at the NMJ [14-17]. 
Furthermore, because MNDs are not embryonic lethal, we chose a 
mutation that alters the structure and function of the NMJ, but 
does not prevent its development. Thus, while NCAM~ / ' mice are 
viable [18], they have smaller NMJs [16,17], abnormal synaptic 
vesicle dynamics [19-21], lower quantal content at reinnervated 
endplates [22], and highly disordered intramuscular motor axon 
branching [23]. Furthermore, although NCAM is expressed by 
motor neurons, muscle fibers, and terminal Schwann cells [24,25], 
most abnormalities at the NMJ are likely due to the loss of 
presynaptic NCAM [20,21,26]. 
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Here we report that NCAM '' ESCMN/myofiber co-cultures 
exhibit the same phenotypes observed in NCAM '' mice. More- 
over, we demonstrate that compromised neurotransmission and 
synaptic growth exhibited by NCAM' 1 ' ESCMNs can be relieved 
by inhibiting L-type voltage dependent calcium channel (L- 
VDCC) mediated synaptic vesicle recycling. Thus, ESMN/muscle 
fiber co-culture system is a very sensitive bioassay for examining 
molecules postulated to regulate synaptic function and for 
screening therapeutics that will improve function at compromised 
NMJs. 

Methods 

Generation and differentiation of embryonic stem cells 

Stem cells from two transgenic mouse lines were used in this 
study. HBG3 mouse ES cells [9] (a kind gift provided by Dr. T. 
Jessell, Columbia University, New York NY) were originally 
derived from Hb9:GEP transgenic mice [27] (Jackson Labs, Bar 
Harbour, Maine) and used as wild-type controls (referred 
throughout as NCAM /+ ). Hb9:GFP mice were bred with NCAM / ~ 
mice (generated on a C57/B16 background) to generate Hb9:GEP 
NCAM 1 ' ES cells (referred throughout as NCAM 7 ~), which were 
isolated from the inner cell mass of a mouse blastocysts using 
standard techniques. Briefly, pregnant females were sacrificed on 
the 3 rd day of pregnancy when embryos are at the 8-16 cell stage. 
The uterine horn was extracted and placed in warmed M2 media 
(Sigma M7 167). Blastocyts were flushed from the uterine horn and 
transferred to a 4 well plate containing a confluent monolayer of 
mitomycin C treated (Sigma) primary mouse embryonic fibro- 
blasts (PMEFs). The inner cell mass (ICM) was allowed to expand 
for approximately 4 days then fed every two days with embryonic 
stem cell media (ESC media) containing DMEM (Gibco 11995- 
073), ESC grade fetal bovine serum (FBS; 15% by volume; 
Millipore ES-009-B), penicillin/ streptomysin ( 1 % by volume; 
Gibco 5140-122), 2-mercaptoethanol (1% by volume; Millipore 
ES-007-E), non-essential amino acids (1% by volume; Millipore 
TMS-001-C) and ESGRO LIF (leukaemia inhibitory factor; 
1000 u/ml; Millipore ESG1106). After another 4-6 days, the 
ICM was mechanically separated from the blastocyst using a 
tungsten needle and 2.5% trypsin. Cells were further dissociated 
into small clumps and transferred onto a 4 well plate containing a 
confluent monolayer of PMEFs and ESC media where they were 
allowed to expand into ES colonies and were passaged as needed 
to avoid confluence. This cell line was generated at Dalhousie 
University with the approval of the Dalhousie University 
Committee on Laboratory Animals. 

Isolated ES cell colonies were differentiated into motor neurons 
as described previously [10,11]. In brief, ES cells were grown as 
aggregate cultures in DFK-10 media to form free floating 
embryoid bodies. DFK10 medium consisted of DMEM (Gibco 
1 1995-073) and Ham's F-12 media (Specialty Media) in a 1:1 ratio 
supplemented with knock-out serum replacement (10% by 
volume; Invitrogen, Burlington, Ontario, Canada), penicillin/ 
streptomycin (1% by volume; Sigma, St. Louis, MO), N2 
supplement (2.4% by volume; Invitrogen), glucose (4500 mg/1), 
L-glutamine (200 mM), heparin (1 u/1; Sigma), and P-mercapto- 
ethanol (0. 1 mM; Sigma). After 2 days, the embryoid bodies were 
treated with a smoothened agonist and RA (1M; Sigma, St. Louis, 
MO) and cultured as free-floating cells for an additional 5 days. 
GFP expression was monitored as an assessment of differentiation 
and only embryoid bodies with robust and homogenous GFP 
expression were used for further assessment. 

All procedures in this study were conducted in accordance with 
the guidelines of the Canadian Council on Animal Care and 



specifically approved by the Dalhousie University Committee on 
Laboratory Animals. 

Co-culture of embryonic stem cell derived motor 
neurons and embryonic chick myotubes 

Embryoid bodies containing embyronic stem cell derived motor 
neurons (ESCMNs) were plated on chick myotube cultures for 
analysis of NMJs. Muscles were dissected from stage 38 White 
leghorn chicks and mechanically dissociated in Ham's F-10 
containing 10% horse serum (Invitrogen), 5% chicken embryo 
extract and 1.26 mM CaCl 2 . 10 5 myoblasts were plated on 
coverslips in 24-well cell culture plates and fed after 2 days in 
culture with Ham's F-10 media as described above. Chick 
myoblasts were grown for three days before plating ESCMNs to 
allow for myotube fusion. In some cases, cells were treated after 2 
days with cytosine P-D-arabinofuranoside (5 uM; Sigma) to 
remove the fibroblasts from the culture. One hour prior to ESMN 
plating, F-10 media was replaced with Neurobasal (Invitrogen) 
supplemented with 2 mM L-glutamine (Invitrogen), penicillin/ 
streptomycin (Invitrogen), B27 Supplement (Invitrogen), GDNF 
(glial-derived neurotrophic factor) (20 ng/ ml; Upstate Biotechnol- 
ogy, Lake Placid, NY) and CNTF (ciliary neurotrophic factor) 
(10 ng/ml; Upstate Biotechnology). Co-cultures were fed every 2 
days for up to a week with neurotrophic supplemented Neurobasal 
formulation. For co-cultures grown for longer periods, neuro- 
trophic factors were omitted from the Neurobasal formulation. 

Immunofluorescence and imaging 

Cells were fixed with 3.7% formaldehyde (Fisher Scientific, 
Houston, TX) for 15 minutes at room temperature, washed with 
PBS and incubated in 0.1 M glycine/PBS for 1 hour. Cells were 
then incubated overnight at room temperature in cocktails of 
primary antibodies as described in Table 1 . Cultures were washed 
thoroughly in PBS and incubated for 1 hour in a corresponding 
cocktail of secondary antibodies as described in Table 2. 
Antibodies were applied in the presence of 10% blocking solution 
and 0.3% TritonX-100 in PBS. For experiments requiring only 
surface antigen labeling, 0.3% TritonX-100 was omitted from the 
labeling solution. Some cells were incubated in a PBS solution 
containing tetramethylrhodamine conjugated a-bungarotoxin (oc- 
BTX, 1:500 Invitrogen) for 1 hour at room temperature to label 
AChRs. Cultures were rinsed in PBS and mounted in 50% 
glycerol/PBS mixture containing 0.03 mg/ml p-phenylenedi- 
amine. 

Quantification of endplate morphology 

For quantification of postsynaptic endplate morphology, 
cultures were digitally photographed using a wide-field fluores- 
cence microscope equipped with a broad focal plane lens (Leica 
Microsystems, Bannockburn, IL, USA) attached to a digital 
camera (C4742; Hamamatsu, Japan). Synapses were only quan- 
tified if the captured imaged accurately reflected the entire three- 
dimensional structure of the synapse. Captured images were 
analyzed for areas using IPLab (Version 4.0; BD Biosciences) or 
ImageJ software. All representative images are shown as collapsed 
z-stacks acquired using an LSM510 laser scanning confocal 
microscope (Zeiss Microimaging, Thornwood, NY, USA) and 
managed using Zen 2009 software (Zeiss Microimaging). 

Intracellular electrophysiology of co-cultured NMJs 

Experiments were performed at room temperature in a 
recording chamber containing 1 ml of 50% Neurobasal/50% 
Hibernate low fluorescence solution (Brain Bits, Springfield, IL) 
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Table 1. Primary Antibodies. 





Antiserum 


Host Species 


Dilution 


Clonality 


Source 


Dihydropyridine Receptor (ot2 subunit, L-type VDCC) 


Mouse 


1:500 


Monoclonal 


Sigma, Saint Louis, Missouri 


GFP 


Rabbit 


1 :2000 


Polyclonal 


Chemicon, Temecula, CA 


mAb 35 (non-blocking AChR} 


Mouse 


*1:1000 


Monoclonal 


Developmental Studies Hybridoma Bank (DSHB), Iowa 
City, IA 


NCAM (5e - chick specific) 


Mouse 


*1:1000 


Monoclonal 


DSHB, Iowa City, IA 


NCAM (CD56- rodent specific) 


Mouse 


1 :2000 
1 :5000 


Monoclonal 


BD Biosciences, Franklin Lakes, NJ 


SV2 


Mouse 


1:50 


Monoclonal 


DSHB, Iowa City, IA 


Synaptophysin 


Rabbit 


1:500 


Polyclonal 


Zymed, San Fransisco, CA 



* DSHB supernatant concentrated by filter centrifugation. 
doi:1 0.1 371 /journal.pone.0091 643.t001 



supplemented with B27 (Sigma). Postsynaptic endplates were 
identified by the application of a non-blocking AChR antibody, 
mAb35 (Table 1) conjugated to an Alexa Fluor546 fluorchrome 
using a Monoclonal Antibody Labeling Kit (Invitrogen) for 1 hour 
prior to the recording session. NMJs were identified by the 
expression of GFP in apposition to mAb35 fluorescence identified 
using a CCD camera coupled to an Olympus upright fluorescence 
microscope (Centre Valley, PA). Images were captured using a 
Nikon digital camera. Micropipettes used for recordings had tip 
resistances between 10 and 50 MQ and were filled with 3 M KC1. 
Reponses were recorded with a Sutter amplifier and processed 
with Clampex 10.2 software (Molecular Devices). All data were 
analyzed using MiniAnalysis (Synaptosoft, Decatur, GA). Quanta! 
contents were determined by the direct method (m = spontaneous 
endplate potential/miniature endplate potential; sEPP/mEPP) 
using the mean mEPP as determined following application of 
2.5 uM TTX. In some cases, 5 uM u-conotoxin GIIIB (Alomone 
Labs, Jerusalem, Israel) was added to the recording solution to 
block Na + channel-mediated myotube contraction. 

FM4-64 loading 

Co-cultures were incubated with 5 uM FM4-64FX and motor 
terminals were either loaded by spontaneous endocytosis in the 
presence of 2.5 uM TTX or electrically stimulated. For stimula- 
tion-induced FM4-64-uptake, cultures were preincubated with 
drug or vehicle for 30 minutes after which FM4-64 was added for 
5 minutes before stimulation. Co-cultures were then stimulated 
with 1-second trains of 50 Hz stimuli, delivered at a 0.5 Hz train 
rate for 5 minutes. A maximum of 4 wells containing co-cultures 
were stimulated at a time with silver electrodes immersed into the 



Table 2. Secondary Antibodies. 



Secondary ant/body 


Dilution 


Conjugate 


Source 


Goat anti-mouse IgG 


1:500 


Alexa Fluor488 


Invitrogen 


Goat anti-mouse IgG 


1:500 


Cy3 


Jackson Immunoresearch, Baltimore, PA 


Goat anti-mouse IgG 


1:500 


Alexa Fluor647 


Invitrogen 


Goat anti-rabbit IgG 


1:500 


Alexa Fluor488 


Invitrogen 


Goat anti-rabbit IgG 


1:500 


Cy3 


Jackson Immunoresearch, Baltimore, PA 


Goat anti-rabbit IgG 


1:500 


AlexaFluor647 


Invitrogen 


Goat anti-mouse IgG 


1:5000 


HRP 


Chemicon, Temecula, CA 



doi:1 0.1 371 /journal.pone.0091 643.t002 
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culture media. Experiments always included simultaneous loading 
of 2 cultures from each genotype, one acting as a vehicle control 
and one as a drug treatment. Stimuli were 20 V pulses with 0.5 ms 
pulse widths. Cultures were then left to rest for 10 minutes 
following the stimulus train to allow for compensatory endocytosis 
[28], washed in media with reduced extracellular calcium 
concentration (1:3 Neurobasal/HBSS solution) and with 2.5 uM 
TTX to inhibit further synaptic vesicle cycling then fixed with 
3.7% formaldehyde. a-BTX was applied to the final wash cycle to 
label postsynaptic AChRs. Z stacks of identified NMJs were 
captured with an LSM510 laser scanning confocal microscope 
(Zeiss Microimaging, Thornwood, NY, USA) and managed using 
Zen 2009 software (Zeiss Microimaging). GFP fluorescence was 
excited with a 488 nm excitation laser and emission was captured 
with 500-530 nm bandpass filter. a-BTX fluorescence was excited 
with a 543 nm laser excitation and emission was captured with a 
565-615 nm bandpass filter. FM4-64FX was excited with a 
488 nm laser and emission was captured with a 685 longpass filter. 
FM4-64 fluorescence intensity was quantified using Zen software. 

Western blot 

Cell lysates were collected by sonication in the presence of 
extraction buffer as described previously [29]. Briefly, co-cultures 
or ESMN embryoid bodies were lysed in extraction buffer 
containing; 50 mil Hepes, 150 mM NaCl, 1 mM EDTA, 
2 mM PMSF, 100 ug/ml leupeptin, 0.2 TlU/ml aprotinin and 
1% NP-4 in the presence of a cocktail of protease inhibitors 
(Complete Mini, Roche Diagnostics, Mannheim Germany). 
Samples were separated on a 6% acrylamide gel, then transferred 
onto an Immobilon-P membrane. Membranes were probed 
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overnight with primary antibodies (Table 1) diluted in 1% milk 
TBS-T, then probed with secondary antibodies (Table 2) for 
1 hour at room temperature. Membranes were developed on 
Kodak film (X-OMAT Blue Film XB, Kodak, Rochester, NY) 
using chemiluminescence (SuperSignal West Pico Chemilumines- 
cent Substrate, Thermo Scientific, Rockford II). 

Drug treatments 

For all experiments including the use of drug treatments, drug 
solvents (vehicle; EtOH or DMSO) were used as controls. 
Nifedipine (Sigma) was dissolved in EtOH and used at 50 uM 
for acute experiments, while 5 uM was used for chronic 
experiments, co-agatoxin IVA (Alomone Labs, Jerusalem, Israel) 
was dissolved in distilled water and used at a final concentration of 
100 nM. Tetrodotoxin (TTX; Alomone Labs) was dissolved in 
distilled water and used at final concentrations between 2.5 and 
5 uM. D-tubocurarine chloride hydrate (Sigma) was dissolved in 
distilled water and used at 50 uM. Dynasore (Sigma) was dissolved 
in DMSO and used at a final concentration of 90 uM. 

Data Acquisition and Statistical Analysis 

An analyzer blinded to the experimental conditions performed 
all data analyses. Two tailed-Student's t-tests were used when 
comparing between two groups if normality was achieved. If 
normality was not achieved, Mann-Whitney tests were used to 
compare between groups. One-way ANOVA on ranks were 
performed to examine the differences between groups over time. 
Dunn's pairwise multiple comparisons test were then used to 
determine where significant differences occurred if the F-value 
exceeded F-critical. Statistical significance was considered to be 
achieved when P<0.05. 

Results 

Development of a stem cell-based culture system to 
study NMJs 

To determine whether an in vitro, stem-cell based culture system 
can be used to study disorders of the NMJ we co-cultured wild- 
type (NCAM /+ ) and NCAM 1 ' ESCMNs with chick myofibers. 
Because MNDs are not embryonic lethal, we chose to examine 
NMJs lacking a protein (i.e. NCAM) that when absent, reduces the 
size of the NMJ and alters the mode synaptic vesicle recycling, but 
does not affect NMJ formation [16,17,19,20,22]. 

Motor neurons were derived from mouse ES cells isolated from 
NCAM /+ and NCAM 1 ' mice expressing eGFP under the control 
of the Hb9 promoter. Hb9 is expressed by spinal motor neurons 
[27] and faithfully reports motor neuron identity in vitro [10,11]. 
Consequendy, eGFP expression was used throughout this study to 
identify fully differentiated motor neurons. ES cells were directed 
to differentiate into motor neurons using retinoic acid (+RA) and a 
smoothened agonist (Fig. 1 A; +smo) [9-1 1] (reviewed by [30]). 
Embryoid bodies of aggregated NCAM /+ or NCAM '' ESCMNs 
were plated onto a substrate of chick myotubes to allow for 
synapse formation (Fig 1 A). The myotube cultures themselves were 
previously generated previously from myoblasts harvested from 
white leghorn chick external adductor muscles at stage 38. The 
anatomy and function of the NMJs were then studied one to 28 
days later (Fig. 1A). 

To verify the presence and absence of NCAM in NCAM /+ and 
NCAM 1 ' ESCMNs, respectively, we performed Western blot 
analysis on Endo-N pretreated protein homogenates collected 
from the differentiated ESCMNs prior to plating (Fig. IB; 0 DIV), 
or from ESCM/myotube co-cultures 7 and 28 days after plating 
(Fig. IB; 7 DIV, 28 DIV). Endo-N pre-treatment was used to 



remove polysialic acid from the NCAM protein in order to better 
identify individual NCAM isoforms [29]. Mouse- and chick- 
specific NCAM antibodies (CD56 and 5e, respectively) were used 
to detect NCAM expression by the motor neurons and muscle 
fibers, respectively (Fig IB). NCAM 140 and 180 kD isoforms 
were both highly expressed by NCAM*'* ESCMNs in cell 
aggregates (i.e. 0 DIV) and when co-cultured with myotubes for 
7 days (7 DIV). A low level of NCAM 140 was identified at 28 
DIV (Fig 1. B). As expected, NCAM was absent from NCAM' 1 ' 
ESCMNs at all time points (Fig. IB). Chick myotubes, co-cultured 
with NCAM'* or NCAM 1 ' ESCMNs for 7 (Fig IB; 7 DIV), 
expressed comparable levels of NCAM 130 and 145 kD isoforms 
[29] indicating that the expression of postsynaptic NCAM was 
similar in the two conditions. Similar results were obtained when 
myotubes were assessed for NCAM expression in cultures grown 
with NCAM*'* ESCMNs, NCAM 1 ' ESCMNs, or without 
ESCMNs (-MNs) at 28 DIV (Fig. IB; 28 DIV). 

When NCAM /+ ESCMNs were grown with muscle fibers for 28 
days they formed NMJs that exhibited mature morphology and 
resembled NMJs of postnatal mice (Fig. 1C, c'). Clusters of 
postsynaptic acetylcholine receptors (AChRs) formed large and 
complex structures, and were closely apposed by synaptic vesicles 
(Fig 1. C, c'; revealed by SV2 immunolabeling) that had 
accumulated at the distal ends of GFP+ motor axons. NCAM 1 ' 
ESCMNs formed NMJs that were strikingly less mature and more 
disorganized from those formed by NCAM /+ ESCMNs (Fig. ID, 
d'). In particular, postsynaptic endplates were smaller (also see 
Fig. 2), and presynaptic motor terminals were disorganized and 
exhibited reduced synaptic vesicle clustering (also see Fig. 3). 
These findings demonstrate that the ESCMN/myotubes co- 
culture system is an effective means to model synapse formation 
in vitro. 

Maturation of the NMJ is compromised in co-cultures 
containing NCAM''' ESCMNs 

Motor neurons form smaller NMJs in NCAM '' mice compared 
to aged matched control animals [16,17]. To further examine 
whether endplate formation is similarly compromised in vitro when 
NCAM is absent, we co-cultured NCAM' + or NCAM 1 ' ESCMNs 
with chick myotubes for 7-28 DIV. Figure 2 shows that neurite 
outgrowth was not visibly different between the two genotypes 
after 7, 21 and 28 DIV (Fig. 2A-B). However, as occurs in 
NCAM 1 ' mice [16], the endplates were significantly smaller in co- 
cultures containing NCAM '' ESCMNs after 28 DIV (Fig. 2C-E). 
This difference was due to lack of endplate growth after 21 DIV 
rather than delayed formation, as endplates formed by both 
genotypes were the same size after 21 DIV (Fig. 2D,E). Moreover, 
the fractional occupancy of postsynaptic endplates by presynaptic 
terminals was determined by comparing the area occupied by SV2 
immunofluorescence to the area occupied by AChRs at 25 NMJs 
of each genotype at 28 DIV (Fig. 2F). Although highly variable, 
the fractional occupancy of presynaptic terminals did not differ 
between genotypes (Fig. 2F; P= 0.998, two-tailed t-test). More- 
over, this analysis revealed that presynaptic areas scaled linearly 
with postsynaptic areas at NMJs of both genotypes (NCAM /+ , 
Pearson's r value = 0.669; P<0.001; NCAM''', Pearson's r value 
= 0.885; P<0.001), and SV2-labeled NCAM'' motor terminals 
were significantly smaller than NCAM /+ motor terminals 
(28.77 um 2 ±5.03 vs. 60.77 um 2 ±6.96 NCAM''' vs. NCAM /+ , 
P— 0.00 128, two-tailed t-test). In addition, while not quantified, 
the endplates in the NCAM /+ ESMN co-cultures were more 
complex compared to those in the NCAM''' cultures (Fig. 2C). 
Taken together, these findings show that ESCMNs can form stable 
NMJs in vitro that continue to mature for at least 4 weeks. 
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Motoneuron 
differentiation 
(*smo, +RA) 




Hb9:GFP mouse ESCMNs 
+ primary chick myotubes 




5 days 



0 DIV 7 DIV 

+/+ -/- +/+ -/- 



170 
130 
95 

170 
130 

myotubes 



I 






Figure 1. NCAM140 and 180 are expressed by ESCMNs and are necessary for mature NMJ formation in ESCMN/myofiber co- 
cultures. (A) Schematic illustration ESCMN differentiation and co-culture experiments. (B) Western blot analysis of Endo-N treated whole cell culture 
lysates obtained from cultures of NCAM*'* (+/+) or NCAM''' (-/-) ESCMNs labeled with rodent-specific (CD56) or chick-specific (5e) NCAM antibodies in 
presence (+) or absence (-) of myotubes. (C-D) 28 DIV co-cultures labeled with a-BTX (AChR) and antibodies against GFP and SV2. Scale bars 20 \im. 
Boxed region is shown in c' and d'. 
doi:1 0.1 371 /journal.pone.0091 643.g001 



Furthermore, as occurs in vivo, this maturation process is 
compromised when NCAM is absent. 

Synaptic vesicle cycling is abnormal in NCAM' A ESCMN/ 
chick myotube co-cultures 

Next, we quantitatively examined presynaptic differentiation in 
ESCMN/myotubes co-cultures using FM4-64 as a marker of 
active presynaptic terminals. Previous studies on NCAAf'' mice 
showed that presynaptic differentiation is altered at NMJs when 
NCAM is absent [16,20]. For example, Landmesser and 
colleagues [20] used FM styryl dyes to show that synaptic vesicles 
are abnormally cycled along the axon in NCAAf '' mice rather 
than being released solely at the NMJ. To investigate whether 
NCAAf ESCMNs exhibit a similar phenotype we repetitively 
stimulated 28 day old co-cultures with 1 -second trains of electrical 
pulses, every two seconds, for 5 minutes in the presence of FM4-64 
to load the dye into recycling synaptic vesicles (Fig. 3A). The 
cultures were then washed for 30 minutes and incubated with ot- 
BTX to visualize postsynaptic AChRs (Fig. 3A-B). This stimula- 
tion paradigm effectively loaded cycled vesicles with FM4-64 at 
the presynaptic terminals in the NCAAf~' + and NCAAf '' co- 
cultures (Fig. 3B). However, there were several notable differences 
between the two genotypes in the organization of the cycled FM4- 
64 + membranes. First, unlike the NCAA/t' + co-cultures, numerous 
FM4-64 puncta were located at extra-synaptic regions along the 
neurites of NCAAf'' ESCMNs (Fig 3B; arrowheads). Second, 
consistent with Fig. 2F, the sizes of individual FM4-64 puncta at 
synaptic regions (Fig. 3C; S - defined as regions of overlap between 
GFP + and TMR-BTX + fluorescence) were smaUer in NCAAf'' 
cultures, although the extra-synaptic puncta (ES - defined as GFP + 
and TMR-BTX" regions) were similar in size (Fig. 3C, ES). Third, 



the total presynaptic area (the aggregates of individual S puncta) 
was smaller in ESCMN NCAAf'' co-cultures (Fig. 3D). Moreover, 
although NCAAf'' motor terminals are substantially smaller than 
NCAAf /+ , the intensity of FM4-64 fluorescence per unit area was 
similar between genotypes at the synapse (Fig 3E; S). Interestingly, 
NCAAf'' ESCMNs contained significantly higher levels of FM dye 
at extra-synaptic regions (Fig. 3E; ES), suggesting that functional 
synaptic vesicles are displaced in the absence of presynaptic 
NCAM. These observations were confirmed in cultures where 
synaptic vesicle recycling was stimulated using 70 mM KC1 (data 
not shown). Finally, less FM dye was endocytosed in the presence 
of TTX at synaptic and extra-synaptic sites in NCAAf'' ESCMNs 
(Fig 3F), demonstrating that spontaneous recycling is also altered 
by the absence of presynaptic NCAM. These results indicate that 
active synaptic vesicle cycling, which only takes place at the 
synapses of healthy adult NMJs [31], is abnormal in NCAAf'' 
ESCMN/ myotube co-cultures. 

Cultured A/GAM 7 ESCMNs have compromised 
neurotransmission at the NMJ 

Previous studies have shown that neurotransmission at the NMJ 
is compromised when NCAM is absent in adult mice [16,20,21]. 
Furthermore, spontaneous miniature endplate potentials (mEPPs) 
occur less frequently and the amplitudes of evoked endplate 
potentials (EPPs) were significantly smaller than normal at 
reinnervated endplates in NCAAf'' mice [22]. Quantal content 
at reinnervated endplates lacking NCAM was also less than 
normal because the amplitudes of the mEPPs were unchanged 
[22]. To examine whether ESMN/myotube cultures lacking 
presynaptic NCAM exhibit similar neurotransmission abnormal- 
ities, we cultured NCAA/t' + or NCAAf'' ESCMNs on chick 
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Figure 2. Presynaptic NCAM influences the maturation of NMJs formed by ESCMNs in vitro. (A) Representative images of co-cultures at 7, 
(A') 21 and (A") 28 DIV formed by NCAM*'* and (B-B") NCAM''' ESMNs. Scale bars 200 urn. (C) Magnification of boxed regions in A" and B" shows that 
NCAM +/+ endplates are larger and more complex than those formed by NCAM~ ESCMNs. Scale bar for both images 1 0 urn. (D) Cumulative frequency 
plot of AChR areas measured at 21 DIV and 28 DIV. Cultures of myotubes without ESCMNs were grown for 28 days as controls. (E) Mean ±SEM AChR 
areas measured in NCAM* /+ and NCAM''' cultures at DIV 21 and DIV 28. N = 158 synapses from 3 NCAM* /+ cultures at 21 DIV; N = 158 synapses from 3 
NCAM''' cultures at 21 DIV; N = 225 synapses from 3 NCAM +/ * cultures at 28 DIV; N = 225 synapses from 3 NCAM''' cultures at 28 DIV; N = 1 52 endplates 
from 28 DIV myotube cultures without ESCMNs. * P<0.001 ANOVA on ranks and Dunn's pairwise multiple comparisons test. (F) The fractional 
occupancy (% occupancy) of endplates in NCAM*'* and NCAM''' co-cultures does not differ at 28 DIV. Presynaptic areas were defined by SV2 
immunofluorescence. P = 0.998 t-test. 
doi:1 0.1 371 /journal.pone.0091 643.g002 



myotubes and recorded mEPPs and spontaneously occurring EPPs 
(sEPPs) at functional NMJs after 7 DIV. Functional NMJs were 
identified as clusters of AChRs that were contacted by a single 
eGFP + neurite (Fig. 4A). AChRs were visualized in live cultures 
using a rhodamine-conjugated antibody that binds to AChRs but 
does not block their function [20]. Consistent with previous 
findings [10], sEPPs with varying amplitudes were recorded from 
NMJs in NCAM*'* ESCMN/myotube co-cultures (Fig. 4B). The 
sEPPs were largely action-potential driven, as application of 
2.5 uM tetrodotoxin (TTX) dramatically reduced their frequency 
and abolished the largest events. The remaining EPPs in the TTX 



treated cultures were mEPPs (Fig. 4B; arrow) because mEPPs are, 
by definition, spontaneously evoked events that are not sensitive to 
TTX. As expected, application of d-tubocurarine (dTC; 50 uM) 
completely abolished all events in the co-cultures indicating that 
the EPPs were evoked by cholinergic neurotransmission (Fig 4B). 

The sEPPs recorded from NCAM''' NMJs were significandy 
smaller (Fig. 4C-D), and less frequent (Fig. 4C, G), than those 
recorded from NCAM*'* junctions after 7 DIV. However, this 
analysis does not distinguish between reduced sEPP frequencies 
due to altered action potential initiation and/ or propagation from 
reduced sEPP frequencies due to a low probability of release in 
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Figure 3. Presynaptic NCAM contributes to the functional differentiation of motor terminals in vitro. (A) Schematic Illustrating FM4-64FX 
loading and imaging paradigm using repetitive 50 Hz field stimulation. (B) Representative images of FM4-64FX loading in the presynaptic terminal of 
NCAM*' + and NCAM''' NMJs at 28 DIV. Arrows identify extra-synaptic FM4-64 puncta in an NCAM''' ESCMN. Scale bars 20 urn. (C) Mean ±SEM area of 
individual FM4-64+ puncta at synaptic (S; defined as GFP + and TMR-BTX + regions) and extra-synaptic (ES; defined as GFP + and TMR-BTX" regions). 
*P = 0.05 ANOVA on ranks and Dunn's multiple comparisons test. (D) Mean ±SEM total presynaptic area (defined as the sum of all synaptic FM4-64 
puncta overlying a AChR + endplate). P<0.001 Mann Whitney rank sum test. (E) Mean ±SEM evoked FM4-64 fluorescence at synaptic (S) and extra- 
synaptic (ES) sites. N = 37 synapses from 9 NCAM*' + cultures; N = 61 from 1 1 NCAM''' cultures. P = 0.831 Mann Whitney rank sum test at synaptic sites. 
P = 0.004 Mann Whitney rank sum test at extra-synaptic sites. (F) Mean ±SEM spontaneous FM4-64 uptake in the presence of 2.5 uM TTX at synaptic 
(S) and extra-synaptic (ES) sites. Extra-synaptic sites were measured within 50 um of each synaptic region. P<0.001 Mann Whitney rank sum test at 
synaptic sites; P = 0.029 t-test at extra-synaptic sites. N = 32 synapses from 6 NCAM +/+ cultures; N = 28 synapses from 6 NCAM''' cultures. 
doi:10.1371/journal.pone.0091643.g003 



response action potential infiltration of the motor terminal. We 
therefore measured sEPP amplitudes in the presence and absence 
of action potentials (i.e. mEPPs). The amplitude of the spontane- 
ous mEPPs, recorded in the presence of TTX, did not differ 
between phenotypes (Fig. 4E) suggesting that quantal content (m), 
and not the density of post-synaptic AChRs, was reduced at 
NCAM''' NMJs. Indeed, when calculated using the direct method 
of quantal analysis (i.e. dividing the amplitude of the sEPPs by the 
amplitude of the mEPPs recorded in the presence of TTX) quantal 
content (m) was found to be significantly lower at NCAM 1 ' NMJs 
(Fig. 4F). Moreover, treatment of NCAA'f~ /+ and NCAM 1 ' co- 
cultures with agatoxin (100 nM) reduced sEPP frequency in both 
cultures (data not shown), suggesting that spontaneous activity is 
driven, at least in part, by calcium influx through P/Q, type 



calcium channels regardless of the presence of presynaptic 
NCAM. Spontaneous EPP amplitude did not differ between 
genotypes in the presence of ATX (data not shown). Together, 
these findings indicate that NCAM''' ESCMN/myotube co- 
cultures exhibit functional properties similar to their endogenous 
counterparts when NCAM is absent presynaptically. 

Presynaptic NCAM co-localizes with proteins associated 
with synaptic vesicle cycling 

The functional deficits observed at NMJs formed by NCAM''' 
ESCMNs, along with the abnormal distribution of synaptic 
vesicles along the axon shaft and observations of NCAM 
internalization in growth cones [32] prompted us to examine 
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Figure 4. Presynaptic NCAM regulates the strength of neurotransmission at newly formed NMJs in vitro. (A) Representative image of a 
typical NMJ targeted for intracellular recording at 7 DIV. GFP fluorescence was imaged to identify presynaptic terminals and postsynaptic endplates 
were identified using mAB35 conjugated to Alexa546. Dashed outline indicates the postsynaptic muscle fiber; solid white lines indicate the position 
of the intracellular recording electrode. (B) Representative recording traces from an NCAM +/+ NMJ in normal recording media (top), after addition of 
2.5 nm tetrodotoxin (TTX; middle) and following addition of 50 \im tubocurarine (dTC; bottom). Arrowhead indicates the presence of a spontaneous 
miniature endplate potential (mEPP) that persist following the addition of TTX. (C) Representative recording traces obtained in control media (left) 
and frequency histograms (right) of synaptic events at NCA/M +/+ and NCAM''' NMJs at 7 DIV. (D) Mean ±SEM spontaneous endplate potential (sEPP) 
amplitude. P = 0.013 Mann-Whitney rank sum test. (E) Mean ±SEM of mEPPs recorded in the presence of 2.5 uM TTX. (F) Mean ±SEM quantal content 
(m) obtained by the ratio of sEPP amplitude/mean mEPP amplitude. P = 0.008 Mann Whitney rank sum test. (G) Mean ±SEM sEPP frequency recorded 
in normal media. P = 0.002 Mann Whitney rank sum test. N = 17 cells from 6 NCAM +/+ cultures; 18 cells from 7 NCAM''' cultures. 
doi:1 0.1 371 /journal.pone.0091 643.g004 



whether internalized NCAM is associated with structures involved 
in neurotransmission. To do so, we used a sequential immuno- 
staining protocol to selectively label extracellular NCAM on the 
surface of ESCMNs (NCAMerf) as well as extracellular NCAM 
that had been internalized during the labeling period (NCAMint). 
In brief, jVGW" /+ eGFP + ESCMNs were grown in culture for one 
day and immunolabeled live with CD56 for one hour in presence 
of TTX. Cells were then fixed and labeled with a Cy3 conjugated 



secondary antibody in the absence of detergent to label only 
surface antigens. The cells were then permeabilized with 0.3% 
TritonX and incubated with an Alexa Fluor647 secondary 
antibody. This sequential NCAM immunostaining protocol 
selectively labels NCAMerf with Cy3 and NCAMstf with Alexa 
Fluor647 (Fig. 5A). Figure 5 shows a typical example of a growth 
cone (Fig. 5A) and neurite shaft (Fig. 5a') immunolabeled for 
NCAMerf and NCAMint. Note that while extracellular NCAM is 
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highly expressed throughout the growth cone and shaft, intracel- 
lular NCAM is localized to discrete regions (Fig. 5a'; arrowhead). 
Using the same sequential immunostaining technique, we co- 
immunolabeled NCAM /+ ESCMNs after 1 DIV with additional 
antibodies against two synapse-associated proteins (Fig. 5B-C). 
Internalized NCAM was found to associate with syp+ synaptic 
vesicles, although this association was comparatively more robust 
along the length of the axon (Fig. 5b', arrows) than at the growth 
cone (Fig. 5B). This observation prompted us to examine whether 
NCAMmf associates with L-VDCCs, as vesicle recycling along the 
shaft of motor neuron axons is sensitive to L-VDCC inhibition 
[26], and this immature form of vesicle recycling is abnormally 
preserved at NMJs in vivo in the absence of NCAM [20]. Indeed, 
we observed several NCAMznf puncta which co-localized with L- 
VDCC immunohistochemistry in the growth cone (Fig. 5C), and 
along the axon shaft (Fig. 5c'). Because we immunolabeled surface 
NCAM in live cultures, these findings suggest that NCAM is 
endocytosed in growing neurites and becomes associated with 
several presynaptic-related proteins. 

NCAM is endocytosed at synaptic regions in vitro 

Next, we examined whether NCAM is similarly recycled at 
mature synapses formed by ESCMNs (Fig. 6). We performed the 
same sequential immunolabeling technique to image NCAMm/ in 
mature (i.e. 28 DIV) NCAAf /+ / myotubz co-cultures (Fig. 6A). 
Endocytosed NCAM localized nearly exclusively to synaptic sites, 
where it appeared in a punctate pattern throughout the motor 
terminal (Fig. 6a'). Orthogonal views (ortho) confirm presynaptic 
localization of NCAMsrf (Fig. 6a'). We further confirmed that 
NCAMint reflects the presence of endocytosed membrane 
containing NCAM by pairing the NCAMwZ immunostaining 
approach with FM4-64 labeling (Fig. 6B). Indeed, the NCAMint 
and FM4-64 signals closely overlapped (Fig. 6B), confirming that 
NCAM endocytosis may reflect at least a portion of synaptic 
vesicle endocytosis in mature co-cultures. 

NCAM regulates endocytosis 

Synaptic vesicle cycling at the NMJ transitions from an L- 
VDCC-dependent to an L-VDCC-independent form of endocy- 
tosis [26,33]. This transition is regulated in vivo, at least in part, by 
NCAM [20]. To examine whether cultured NCAM /+ ESCMNs 
develop "mature" synaptic vesicle dynamics that are independent 
of L-VDCC we loaded 28 DIV NCAAf /+ ESCMNs co-cultures 
with FM4-64, in the presence or absence of synaptic vesicle cycle 
inhibitors, using the same stimulation paradigm described above 
(Fig. 7A,C). To assess the role of presynaptic NCAM in this 
maturation process we performed a second set of experiments 
using NCAM ESCMN co-cultures (Fig. 7B,C). As expected, 
TTX inhibited activity-dependent endocytosis in both NCAAf' /+ 
and NCAM 1 ' co-cultures, as did the P/Q_-type Ca 2+ channel 
blocker agatoxin (ATX; 100 nm) (Fig 7C). Inhibiting dynamin, a 
GTPase essential to endocytic function, with dynasore (90 uM) 
[34], completely blocked activity-dependent endocytosis in 
NCAAf /+ , but not NCAM'~ cultures (Fig 7A-C). Conversely, 
while nifedipine (50 uM), an L-VDCC antagonist, had no effect 
on endocytosis at NCAAt n NMJs, it completely blocked 
endocytosis at NCAM 1 ' NMJs (Fig 7A-C). Taken together, these 
results confirm observations from previous in vivo [19,20], and 
recent in vitro studies [26,35] showing that NCAM regulates the 
transition from an immature (L-VDCC-dependent) to a mature 
(L-VDCC-independent) form of synaptic vesicle endocytosis. 
Furthermore, they show that NMJs formed by ESCMNs respond 
to pharmacological interventions in a manner that is analogous to 
their endogenous counterparts. 
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Figure 5. Endocytosed NCAM partially co-localizes with 
synaptic vesicles and L-type Ca 2 channels in growing ESCMN 
axons. (A) Growth cones and (a') shaft of growing ESCMN axons at 1 
DIV co-immunolabeled for NCAM/nf and NCAMexf. While NCAMexf is 
uniformly distributed along the cone and axonal shaft, NCAM/nf is 
distributed in discrete puncta (arrows). (B, b') Co-immunofluorescence 
demonstrates partial co-distribution of NCAM/nf with synaptophysin 
(syp). The co-localization coefficient of NCAM/nf with syp in a single 
optical plane of the growth cone shown S is 0.077, and for the axon 
shown in b' is 0.689. (C, c') Co-immunofluorescence demonstrates 
partial co-distribution NCAM/nf and the L-type voltage dependent 
calcium channels (L-VDCCs). The co-localization coefficient of NCAM/nf 
with L-VDCCs in a single optical plane of the growth cone shown C is 
0.450, and for the axon shown in c' is 0.124. Arrows denote co- 
distributed puncta. In B and C NCAMexf was labeled with Alexa350, but 
was not imaged. All scale bars 10 |xm. 
doi:1 0.1 371/joumal.pone.0091 643.g005 

Reversal of synaptic deficits with chronic inhibition of L- 
VDCC activity in NOW 7 " ESCMNs 

Although it is not known why NMJs switch from an L-VDCC- 
dependent to an L-VDCC-independent mechanism as they 
mature, we speculated that it occurs in order to maximize the 
efficiency of neurotransmission. To investigate this possibility, we 
inhibited L-VDCCs in NCAAf /+ and NCAAf'' co-cultures with 
nifedipine either daily from 2 DIV to 7 DIV (i.e. chronic 
treatment), or applied nifedipine 10 minutes before recording 
sEPPs (i.e. acute treatment) (Fig. 8A). Figure 8A-C shows that, 
although acute treatment had little effect on the amplitude and 
frequency of sEPPs, chronic treatment significantly enhanced the 
amplitude of sEPPs in cultures of both genotypes and increased the 
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Figure 6. NCAM is endocytosed at synaptic regions in vitro. (A) Representative images of NCA/M DIV 28 co-culture immunolabeled for 
NCAM/nf and GFP and labeled with ot-BTX to identify postsynaptic AChRs. NCAMexf was labeled with Alexa350 and was not imaged, (a') 
Magnification of boxed region in A demonstrating punctate pattern of NCAM/nf distribution in the motor terminal. Orthogonal images are shown 
below and confirm a presynaptic localization of NCAM/nf. (B) Representative image of NCAM +/+ DIV 28 motor terminal which had been live 
immunolabeled with NCAM/nf and FM4-64FX in the presence of 2.5 |xM TTX for 30 minutes. Arrows demonstrate co-localization of NCAM/nf and FM4- 
64 signals. All scale bars 10 |xm. 
doi:1 0.1 371 /journal.pone.0091 643.g006 



frequency of the sEPPs in NCAhf co-cultures (Fig 8B-C). 
Therefore, consistent with ex vivo studies [33], inhibition of the L- 
VDCC-dependent recycling pathway significantly potentiates 
neurotransmission at newly formed NMJs in vitro. 

Secondly, we speculated that abnormally prolonged presynaptic 
L-VDCC activity could alter the morphology of NMJs, as was 
observed in NCAM''' ESCMN co-cultures. To test this, we 
chronically inhibited L-VDCCs with nifedipine in NCAM > ' /+ and 
NCAM ' ESCMN/myotube co-cultures daily for one week, 
starting at 21 DIV and examined NMJ morphology. We chose 
to start drug treatments after 21 DIV because the endplates in 
NCAM ' ESCMN/myotube co-cultures were similar in size prior 
to that time point (Fig. 2D,E). NMJ maturation was quantified at 
28 DIV by measuring endplate size. We found that chronic 
treatment of the NCAAf'' ESCMN/myotube co-cultures nearly 
doubled the size of the endplates (Fig 8D-E). Taken together, 
these results indicate that the transition in the mechanics of 
synaptic vesicle cycling, from an L-VDCC dependent form to an 
L-VDCC independent form, requires presynaptic NCAM and 
contributes to the maturation of newly formed synapses. Further- 
more, they show that the ESCMN/chick myotube co-culture 
system is amenable to pharmacological manipulations designed to 
improve function at dysfunctional NMJs. 

Discussion 

The present study shows that NCM'f /+ and NCAM ESCMNs 
form NMJs with co-cultured myotubes that are remarkably similar 



to their endogenous counterparts in wild-type and NCAM ' mice, 
respectively. Compared to NCM'f /+ ESCMNs, NMJs formed by 
NCAAf ESCMNs had limited growth, reduced neurotransmis- 
sion and abnormal synaptic vesicle dynamics. Like NMJs in 
NCAM 1 ' mice, NMJs formed by NCAM'' ESCMNs retained an 
immature mechanism of synaptic vesicle retrieval that remained L- 
VDCC sensitive and functioned independently of dynamin. The 
persistence of an L-VDCC sensitive mechanism for neurotrans- 
mission prompted us to examine whether chronic treatment of 
NGAkt'' ESCMN co-cultures with an L-VDCC antagonist would 
improve neurotransmission and synaptic growth. We found that 
neurotransmission and endplate morphologies reached near 
normal values in NCAM 1 ' ESCMN co-cultures treated with 
physiologically relevant concentrations of nifedipine. However, the 
present study cannot rule out a role of ESCMN firing activity, and 
a possible role of L-VDCC activity in the regulation of ESCMN 
excitability, on the development of NMJs in our co-culture system. 
We anticipate that future studies will begin to address these 
important issues. Taken together, we argue that the ESCMN/ 
myotube co-culture system is a novel and useful bioassay for 
examining molecules regulating synaptic function and for screen- 
ing therapeutics aimed at improving function of compromised 
NMJs in MNDs. 

The evolution of ESCMN-myotube co-cultures to study 
NMJ development and function 

Co-cultures composed of primary spinal neurons and myotubes 
have been used over the past 40 years to study early events in 
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Figure 7. Endocytosis at NCAM-/- motor terminals is sensitive to 
inhibition by nifedipine, but insensitive to inhibition by 
dynasore. (A) Representative images of NMJs formed by NCAM +/+ 
and (B) NCAM~ / ~ ESMNs loaded with FM4-64 by 50 Hz stimulation in the 
presence of nifedipine (50 uM), dynasore (90 nM) or vehicle (DMSO). (C) 
Mean ±SEM FM4-64 fluorescence measured in cultures incubated with 
vehicle (veh), tetrodotoxin (TTX), dynasore (Dyn), nifedipine (Nif), and 
agatoxin (ATX). Each value was normalized to the mean vehicle value of 
each genotype. *P<0.001 one-way ANOVA on ranks and Dunn's 
pairwise multiple comparisons test, performed independently for each 
genotype. Vehicle: N = 37 synapses from 9 NCAM* /+ cultures; N = 61 
synapses from 1 1 NCAM''' cultures. TTX: N = 15 synapses from 6 NCAM +/ 
* cultures; N = 1 9 synapses from 4 NCAM''' cultures. Dyn: N = 1 9 
synapses from 6 NCAM* /+ cultures; N = 21 synapses from 5 NCAM V ' 
cultures. Nif: N = 14 synapses from 3 NCAM +/+ cultures; N = 33 synapses 
from 5 NCAM V ' cultures. ATX: N = 1 1 synapses from 3 NCAM +/+ cultures; 
N = 14 synapses from 3 NCAM''' cultures. 
doi:1 0.1 371 /journal.pone.0091 643.g007 

synapse formation [36-40]. This simple technique was advanced 
over the past ten years when nerve-muscle co-cultures were 
developed using motor neurons derived from mouse or human 
pluripotent stem cells [10,12,13,41,42]. Regardless of the source 
(mouse or human; ES cell or iPS cell-derived), stem cell-derived 
motor neurons make functional connections with myotubes after 
5-7 DIV [10,1 1,13]. However, few studies have examined NMJs in 



nerve-muscle co-cultures beyond 7 DIV. As a result, most studies 
report NMJs as immature post-synaptic plaque-like structures 
[10,12,13,41,42]. While these structures are very reminiscent of 
immature endplates in neonatal mice, they do not resemble 
mature endplates found in adult mice that appear as large pretzel- 
like structures. 

Postnatal endplate maturation is characterized by the appear- 
ance of perforations in the plaque-like AChR reach structures, 
likely induced by concentrated regions of postsynaptic endocytosis 
[43]. We found that NMJs formed by ESCMNs developed 
perforations and grew to an average size of — 120 p.m by 21 days 
in co-culture. This time course is remarkably consistent with NMJ 
maturation in the mouse [44], demonstrating the effectiveness of 
this system to study late events in synapse formation such as the 
elaboration of AChR clusters and the perforation of plaques into 
pretzel-like structures. 

Presynaptic NCAM as a regulator of synaptic 
development and vesicle cycling 

One of the most significant findings in the present study was 
how well in vitro NMJs lacking presynaptic NCAM mimicked their 
endogenous counterparts in NCAM''' mice at newly formed 
endplates [16,22]. NCAM'' mice exhibit structural and functional 
deficits in NMJ organization, characterized by reduced synapse 
size, impaired presynaptic vesicle and L-VDCC localization, 
disrupted neurotransmission, and altered synaptic vesicle recycling 
mechanisms [16,20]. All of these phenotypes were observed in our 
NCAM 1 ' ESCMN/myotube co-cultures. Thus, it is tempting to 
speculate that the previously described phenotypes in the NCAM 1 ' 
mice were due to a lack of presynaptic NCAM rather than its loss 
post or perisynaptically. 

It is becoming increasingly clear that NCAM influences the 
maturation of presynaptic endocytotic machinery [20,26,35]. 
During axon outgrowth, immature endocytotic mechanisms 
promote the recycling of synaptic vesicles in the axonal shaft 
[26,45]. Axonal recycling can be blocked by applying L-VDCC 
inhibitors such as nifedipine, or ADP ribosylation factor-1 (ARF1) 
inhibitors that block adaptor protein 3 (AP-3) mediated endocy- 
tosis such as brefeldin A (BFA) [20,26,45,46]. The immature 
mechanism is eventually down-regulated upon target contact [26], 
and replaced with an adaptor protein-2 (AP-2) and dynamin- 
mediated form of endocytosis during synapse maturation [34,35]. 
A recent study has demonstrated that AP-2 binds to the 
intracellular domain of the 1 40 kD isoform of in an age-dependent 
manner, and this interaction leads to the displacement of AP-3 at 
the synaptic membrane in favor of AP-2 [35]. NCAM 140 
therefore regulates the switch from an AP-3 to AP-2 mediated 
endocytotic-mechanism by tuning the affinity of the synaptic 
membrane for adaptor protein interaction. 

The link between AP-3 and L-VDCC activity remains to be 
determined. However, our data demonstrate that acute L-VDCC 
inhibition completely inhibits FM dye uptake at NCAM A NMJs, 
but has little effect on synaptic vesicle release, demonstrating a 
specific effect of L-VDCCs on endocytosis. Chronic inhibition of 
L-VDCCs led to markedly enhanced neurotransmission and 
synaptic growth in NCAM 1 ' ESCMNs, demonstrating that several 
NCAM null phenotypes can be rescued by pharmacologically 
manipulating the immature, AP-3 mediated synaptic vesicle 
recycling pathway. As AP-2 and AP-3 mediated endocytosis can 
be dynamically interchanged [35], L-VDCC activity may influ- 
ence the stoichiometry of AP-2 and AP-3 at the synaptic 
membrane in favor of AP-3. Inhibition of L-VDCC activity would 
then shift the affinity of the synaptic membrane away from AP-3 in 
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Figure 8. Chronic treatment of NCAM' cultures with nifedipine improves neurotransmission and enhances synaptogenesis. (A) 

Representative sharp electrode intracellular recording traces from 7 DIV NCAM''' NMJs treated with nifedipine for 10 minutes (acute nifedipine, 
50 uM; top) or once a day for 5 days (chronic nifedipine, 5 uM; bottom). (B) Mean ±SEM sEPP amplitude following acute or chronic treatment with 
nifedipine. *P<0.001 ANOVA on ranks and Dunn's pairwise multiple comparisons test. (C) Mean ±SEM sEPP frequency following acute or chronic 
treatment with nifedipine. * P<0.001 ANOVA on ranks and Dunn's pairwise multiple comparisons test. CTRL: N = 28 synapses from 9 NCAM''' cultures, 
N = 17 synapses from 6 NCAM +/+ cultures. Acute: N = 4 synapses from 4 NCAM''' cultures, N = 4 synapses from 4 NCAM*'* cultures. Chronic N = 17 
synapses from 5 NCAM''' cultures, N = 14 synapses from 3 NCAM*'* cultures. (D) Representative images of 28 DIV NCAM''' cultures labeled with a-BTX 
following 7 day treatment with vehicle (DMSO) or nifedpine (5 uM). Scale bar 50 um low magnification; 20 um high magnification. (E) Cumulative 
frequency plot and (insert) mean ±SEM of AChR areas measured from 28 DIV NCAM''' cultures treated with vehicle or nifedipine (5 |iM) daily for 7 
days. * P<0.001 Mann Whitney rank sum test. N = 117 synapses from 4 NCAM''' cultures for both conditions. 
doi:10.1371/journal.pone.0091643.g008 



favor of AP-2, and ultimately produce the same regulatory effect 
that NCAM would if it was normally expressed. 

ESCMN/myotube co-cultures for the study of MNDs 

Motor neurons derived from pluripotent stem cells carrying 
MND mutations are currently being exploited as tools to study 
disease pathophysiology and for identifying novel drug targets 
[47]. This is, in part, because stem cell-derived motor neurons 
carrying SOD1, TDP-43 or SMN1 mutations exhibit many of the 
same pathophysiological traits as their endogenous counterparts 
[41,48-51]. They clearly grow slower and die faster than similarly 
cultured wild-type motor neurons [49,50]. The rate of cell death is 
accelerated when co-cultured with glial cells carrying the same 
MND mutation [48] or when challenged by trophic factor 
withdrawal [51]. However, simply recording motor neuron cell 
death may not be sufficient when screening molecules designed to 
slow down disease progression. Motor neurons expressing mutant 
SOD 1 withdraw from NMJs prior to cell death [2] and withdraw 
even when cell death is prevented [4]. It is therefore imperative 



that this reality is considered when using ESCMNs to model 
disease progression [52]. The present study suggests that 
ESCMN/myotube co-cultures, grown as described, reproducibly 
models disorders of the NMJ. Furthermore, this bioassay can be 
adapted to study MNDs using motor neurons differentiated from 
iPS cells derived from individuals with ALS and SMA. 
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